We calculated reaction rate constants including atom tunneling of the reaction of dihydrogen with the hydroxy radical down to a temperature of 50 K. Instanton theory and canonical variational theory with microcanonical optimized multidimensional tunneling (CVT/µOMT) were applied using a fitted potential energy surface [J.
I. INTRODUCTION
The reaction of H 2 + OH has emerged as a prototype reaction for four-atomic systems. It contributes to fundamental processes in atmospheric chemistry, astrochemistry, and combustion. [1] [2] [3] The reaction being surface catalyzed was shown to be one of the main routes of H 2 O formation in the interstellar medium.
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On surfaces the reaction was observed at the cryogenic temperature of 10 K through quantum mechanical tunneling of atoms. 8,9 For the gas phase reaction, a number of studies on this reaction, theoretical 10-17 as well as experimental 18-22 down to 200 K has been performed.
For an overview of previous experimental and theoretical results, we refer to reviews.
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In this article we present reaction rate constants of the title reaction down to 100 K using instanton theory 25-29 and down to 50 K using CVT/µOMT. 30, 31 Instanton theory to investigate reaction rate constants of all isotopologues 13 -it seems that this is the first study which provides rate calculations on the NN1 PES. The reaction profile consisting of the stationary points are shown in Fig. 1 . For bimolecular reactions, it is in general possible that a (weakly) bound van-der-Waals complex can lead to an increase of the bimolecular reaction rate constant with decreasing temperature. This effect was studied experimentally in the reaction of HBr + OH as well as in the reactions with nitric acid or alcohols and OH radicals. [82] [83] [84] In these cases, the non-covalent interactions between the two reactants stem from the dipole moments and polarizabilities of the reacting molecules. In contrast to these, H 2 is less polarizable and has no permanent dipole moment. Thus, the intermolecular interaction between H 2 and the OH radical and the impact of the pre-reactive complex (PRC) [H 2 · · · OH] are expected to be small unless the temperature is much lower than considered in this work.
In this study we investigate the temperature dependence of the reaction rate constant and compare it to published values. Furthermore, the temperature dependence for the rate constants for all eight possible isotopologue reactions and the resulting kinetic isotope effects (KIEs) have been studied. At low temperatures (below T c ) tunneling dominates the reaction rate. The nuclear mass has a high impact on the tunneling probability leading to large kinetic isotope effects (KIEs).
II. METHODS
In instanton theory, the instanton, the saddle point corresponding to the transition state, is a closed Feynman path folded back onto itself which spans the barrier region. At high temperature it is short and covers only the top of the barrier while at low temperature it protrudes right into the reactant state region. At the crossover temperature, 
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For the title reaction containing protium only (HHOH), the crossover temperature is T c = 276.2 K. Using instanton theory, we calculated bimolecular reaction rates using the NN1 PES at T = 270 K and below as it is only applicable below T c . The results are depicted in Fig. 3 , numbers are given in the supporting information. 96 As expected, 58 instanton theory overestimates the rate constant close to T c . Agreement is improved at lower temperature.
At 220 K our rate constant (1.78 · 10 −16 cm 3 s −1 ) is higher by a factor of 1.95 than the results of flash photolysis resonance-fluorescence by Orkin et al.; 21 at 200 K, the lowest temperature at which comparison is possible, it is still higher by a factor of 1.76. A higher accuracy of instanton theory can be expected at lower temperature due to the known overestimation close to T c .
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The deviation might reflect a deficiency of the rate theory or the potential. To test the accuracy of the potential, we recalculated instantons and rate constants on-the-fly on CCSD(T)-F12/cc-pVDZ-F12 level without fitting the PES. The reaction rate constants obtained in this way agree better with the experimental result, overestimating it by a factor of 1.49 at 240 K and only by a factor of 1.12 at 200 K. Thus, the NN1 PES leads to a slight overestimation of the rate constants. However, we continue with the NN1 PES as on-the-fly calculations for all isotopologues would be too costly. While the absolute rate constants might be overestimated by a factor of approximately 1.5 to 2.0, one can assume the KIEs incur smaller errors. We assume roughly the same level of accuracy at low temperatures, where no other experimental or computational data are available for comparison.
Given that instanton theory is expected to be more accurate at lower temperatures, the rates using the NN1 PES, which employs a better basis set, are more promising than the direct-dynamics results. Still, the NN1 PES probably shows slight inaccuracies in the region of the configurational space most relevant to tunneling, leading to a slight overestimation of the reaction rate. However, we continue with the NN1 PES. While the absolute rate constants might be overestimated by a factor of approximately 1.5 to 2.0, one can assume the KIEs incur smaller errors. We assume roughly the same level of accuracy at low temperatures, where no other experimental or computational data are available for comparison.
To test the accuracy of the rate theory, we performed CVT/ZCT, SCT, LCT, and µOMT calculations on the NN1-PES. As in this reaction the SCT rate constant is always higher As expected, it describes the rate constant very well at high temperatures (close to and above 
B. Kinetic Isotope Effects
All eight possible isotopologues were investigated. The zero-point energy (ZPE) corrected energies of PRC and TS, as well as T c are given in table II, the rate constants are shown in Fig. 4 . Values of the KIEs at 160 K and 100 K (both instanton and µOMT), and 50 K (µOMT) are given in table III.
For reactions with deuterium, the crossover temperature is significantly reduced, see Apart from the primary KIE, we observe that deuteration of the hydroxy radical (OD) increases the reaction rate, leading to inverse KIEs. Depending on the deuteration of the other sites, OD increases the rates by factors of 1-3, see table III. The main reason for this effect is that the heavier deuterium atom lowers E va of the transition state by reducing the zero-point energy of the deformation modes of the two molecules with respect to each other.
The reaction rate constants obtained with µOMT are higher than the ones obtained with instanton theory by a factor of 4.2 for HHOH and 5.4 for HDOH at 100 K. It is obvious from Fig. 3 and table I that CVT/µOMT generally overestimates the reaction rate constants for this reaction, see also Fig. S1 , because in µOMT the tunneling path is not optimized.
Apart from that, the rate constants seem to follow the same trends, in particular the KIEs obtained by both methods agree reasonably well, see Instanton theory provides a dominant tunneling path for each specific temperature. At low temperature, that path is almost temperature-independent. The atoms contribute quite differently to that tunneling path. Geometries and the energy along the instanton path are depicted in Fig. 2 . In the low-temperature limit for HHOH, the hydrogen atom to be transferred is delocalized over 1.34Å, the one that remains as isolated hydrogen atom after the reaction over 0.80Å. Both oxygen and hydrogen of OH contribute to the tunneling much weaker, they are delocalized over 0.14 and 0.21Å, respectively. Deuteration changes these contributions: for HDOH, the transferred deuterium is delocalized over only 1.25Å while the other tunneling path length remain almost unchanged (0.77, 0.15, and 0.21Å).
We found primary H/D-KIEs of > 200 at 50 K using CVT/µOMT. At even lower temperature than reported here, the KIE can be expected to be at least similarly strong. Consequently we expect a significant influence of this reaction and its KIE on the deuterium fractionation of molecules in the interstellar medium.
IV. SUMMARY
We calculated reaction rate constants of H 2 + OH → H + H 2 O down to 100 K using instanton theory and down to 50 K using CVT/µOMT on the NN1 PES 
